Vicinal scalar couplings ( 3 J) are extensively used for conformational analysis of organic compounds in the liquid state through the use of empirical Karplus equations.
Introduction
Accessing the atomic-level structure of functional materials is an essential prerequisite to understand the physical origin of their functionality. [1] [2] [3] Interestingly, functional materials composed of small organic molecules are very prone to polymorphism, i.e. they can assume different crystalline forms. 4, 5 Because different polymorphs of the same chemical compound display distinct physicochemical properties, polymorphism might be an opportunity to tune the properties of a given functional material, with great value for industrial applications in pharmacy or energy-related fields. 6, 7 Recently, crystal structure prediction (CSP) has shown that polymorphism of organic molecular crystals is intimately linked with the conformational flexibility of the molecule. 8, 9 The reverse is also true, i.e. the molecular conformation of flexible molecules in the solid state is strongly connected to the global crystal structure, and cannot be simply inferred from the knowledge of the molecular geometry in the gas state or in solution. CSP methods have progressed in predicting molecular conformations for flexible molecules in the solid state. 10 However, because the dimensionality of the energy landscape increases with increasing the conformational degrees of freedom, obtaining good structural models from CSP to be used for solving the crystal structure of an unknown solid can be computationally very expensive for this kind of compounds.
One approach to help structure determination of solids is to reduce the dimensionality of the landscape explored by CSP by providing constraints obtained experimentally. Solidstate nuclear magnetic resonance (SSNMR) is a very powerful approach to get atomic-level structural information on materials. Among the accessible NMR measurables, spin-spin J (or scalar) couplings are of exceptional value for conformational analysis. [11] [12] [13] In liquid-state NMR, the experimental dependence of three-bond J coupling constants ( 3 J) on torsional angles 14, 15 through the well-known Karplus equations 16 has been extensively used for conformational analysis of small organic molecules, 17 peptides and proteins. 18 However, examples of the use of J couplings for structural analysis in the solid state are much more sparse in the literature, where they have mostly been reported for inorganic nuclei [19] [20] [21] [22] [23] and on disordered solids. [24] [25] [26] [27] This difficulty is due to the fact that the scalar interaction between two spins can be several orders of magnitude smaller than the other active anisotropic spin interactions (e.g. 3 J CC values are plotted against the torsional angle of the molecular fragments in the corresponding crystal structure. In a), the Karplus function reported by Berger for similar organic compounds in solution, 17 corresponding to Eq. 1, is shown as a dashed line. In b), the solid line represents the Karplus-like function providing the best fit to the experimental values, and corresponds to Eq. 3. Labeling refers to Fig. 1 . of all these substances had been previously determined and deposited in the Cambridge Structural Database (CSD) with the entry references reported in Table 1. Table 1 also shows the dihedral angles (φ) for the CxyC molecular fragments (see Fig.1b ) obtained after geometry-optimization of the corresponding CSD structures.
To assess the existence of a Karplus-like relationship between 3 J CC and the molecular conformation in the solid state, first principles calculations of J CC were performed using the optimized crystal structures of compounds A-F as inputs. In Fig. 2 , the results of J calculations are plotted as a function of the dihedral angle in the corresponding geometry- The results of this theoretical investigation suggested that, at least for the considered set of organic molecular crystals, a Karplus-like behavior relates 3 J CC to dihedral angles. We were interested to see whether these systems could be used to parameterize a Karplus function that could be subsequently used to extrapolate dihedral angles from the experimental measurement of 3 J CC . To this aim, (see Fig. 1 ). As described in Ref.
, 35 these experiments allow 3 J CC as small as a few Hz to be measured accurately on 13 C-labeled samples. The measured 3 J CC are reported in Table   1 .
As shown in Fig. 3 , the calculated and experimental 3 J CC show a very good agreement, the R 2 coefficient being 0.99. Interestingly, the 3 J 47 and 3 J 25 coupling constants measured for B and C, respectively, reflect well the large values previously computed on the full crystal lattices. Linear regression of these data using the function y= ax + b provides a=0.9 and b=-0.1, suggesting that, in the range between ca. 1 and ca. Moreover, we observe that the value of B is significantly larger in Eq. 3 than in Eq. 1,
suggesting that Eq. 3 should be able to provide better discrimination between E and Z fragments.
As the sole example of Karplus-like function parameterized in the case of organic solids, Eq. 3 might be useful to estimate the dihedral angles in small organic solids from the simple measurement of the 3 J CC for the corresponding molecular fragment, without the need of first principle calculations. As discussed in the ESI, for the range of 3 J CC and σ J (i.e. the uncertainty associated with the experimental measurement of 3 J CC ) shown in Table 1 (i.e. for 3 J CC >1 Hz and 0.2<σ J <0.4 Hz), the uncertainty in torsional angle determination using Eq. 3 can be estimated to be less than 10
• .
The possibility of deducing φ from the measurement of 3 J CC using Eq. 3 was tested on the solid amino acid L-threonine. Fig. 4 shows that, for an experimentally measured 3 J 14 value of 1.85 Hz, Eq. 3 predicts two possible dihedral angles for the 1-2-3-4 fragment of L-threonine in the range between 0
• and 180
• . Interestingly, one of these torsional angles, indicated by a red arrow in Fig. 4 and corresponding to 52
• , differs by less than 10
• from the true dihedral angle (61 • , extracted from the CSD crystal structure of L-threonine after geometry optimization). This difference lies within the previously estimated uncertainty in angle determination, suggesting that Eq.3 can be used to constrain the conformational search in organic molecular crystals in the solid state with the expected level of accuracy. Incidentally, we also note that the torsional angle of the 1-2-3-4 fragment of an isolated L-threonine molecule after geometry optimization in a vacuum supercell would be 71
• . This observation confirms that crystal packing can induce substantial conformational rearrangement with respect to gas or liquid state, and reinforces the importance of determining torsional angles in the solid state for reliable structural analysis.
Conclusions
We verified the opportunity of exploiting three-bond 13 C- • . Although the accuracy of the proposed method can be improved, it is expected to be of interest to a large community of users because experimental methods for conformational analysis in the solid state remain sparse. Moreover, we expect that combining this information with crystal structure prediction will significantly improve structure search, making structure solution for organic solids more rapid and reliable.
Experimental 
NMR experiments
All the NMR experiments were performed at room temperature on a 9.4 T Bruker Avance III NMR spectrometer operating at the 1 H Larmor frequency of 400 MHz. The angle between the spinning stator and the magnetic field was carefully adjusted to the magic-angle by measuring the 13 C spin-echo modulation curve for a uniformly 13 C labeled α-glycine powder sample. This method allows for the magic-angle to be set with an accuracy of ±0.02
• . 38 In all experiments, the magic-angle spinning (MAS) frequency was 16 kHz. The recycle delay was adjusted to ensure full recovery of the 1 H magnetization for all the samples. 13 C-13 C 3 J couplings were measured on a set of 13 C-enriched small organic molecular crystals in the solid state ( Fig.1 ) using double and single-band frequency-selective spin echo MAS experiments as reported in Ref. 35 The targeted fragments C 1 xyC 2 (see Fig.1b ) for each molecule are listed in Table 1 together with the values of the corresponding dihedral angles for the crystal structures reported in the CSD. The J -modulated spin echo signal amplitudes S were obtained using a dual-band frequency-selective 180
• pulse, while the reference signal amplitudes S 0 , which were necessary to eliminate contributions arising from incoherent decay, were obtained using a single-band frequency-selective 180
• pulse. The experimental J couplings were extracted by best fitting the S/S 0 ratio using the analytical expression describing the spin echo evolution (ESI).
13 C NMR experiments were carried out using a 3.2 mm magic-angle-spinning probe. The swept-frequency TPPM proton decoupling was used with a proton nutation frequency of 110 kHz. 39 The decoupling pulse duration and rf phases were 4.6 us and ±15
• , respectively. ms. The dual-band frequency-selective pulse was generated using the same Gaussian shape modulated by a cosine function, where the modulation frequency is equal to the difference in isotropic shift frequencies between the two chosen spins.
The confidence limits on each experimental S and S 0 points were determined by integrating several signal-free spectral regions of the same frequency bandwidth as that used for estimating the peak integrals. The standard deviations of these noise integrals were taken as the experimental confidence limits. These values were used to determine the weight of each experimental data point in the fitting. All the J coupling confidence limits given in this manuscript are obtained by combining the confidence limits on S and S 0 according to the propagation of uncertainties. As discussed in the ESI, magic angle misset due to error in angle calibration have negligible effect on the measurement of 3 J couplings.
First principle calculations
DFT calculations were carried out using the GIPAW approach within the CASTEP code (version 17.2), [40] [41] [42] [43] which uses a plane wave basis set together with on-the-fly pseudo-potentials to represent the core-valence interaction.
Geometry optimization
Geometry optimization was systematically performed on the CSD structures prior to J calculation. It was carried out using the PBE functional 44 and the dispersion correction scheme of Tkatchenko-Scheffler. 45 In all the cases, a plane wave cut-off energy of 800 eV and a Brillouin zone sampling of 0.05×2π Å −1 were used. The convergence criteria were 0.01 eV Å 
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1) Analytical function for spin echo experiments
Under exact magic angle spinning conditions, the following analytical function can be used to extract the J coupling constants from the spin echo curves:
= cos* * ( − !0 )1 (S1)
where S and S0 represent the J-modulated spin echo signal amplitudes obtained using either dual-band or single-band frequency selective Gaussian-shaped pulses, respectively, and τSH is the time shift. As discussed in Ref. [1] , for Gaussian-shaped pulses of duration tp, τSH can be estimated as 0.24*tp.
Under off-MAS conditions, the following analytical function should be used: 
b is the dipolar coupling constant expressed in rad/s, and θ is the angle between the rotor spinning axis and the static magnetic field, which can be expressed as:
where Δ indicates the magic angle offset.
Importantly, Eq.(S2) coincides with Eq.(S1) when Δ=0 (exact magic angle spinning).
2) Numerical simulations of spin echo experiments
Using the software SIMPSON [2] , spin echo evolution curves for a 3-spin system corresponding to nuclei 2, 4 and 5 of histidine.HCl.H2O (see Fig. S1 ) were numerically simulated in the presence of realistic Gaussian-shaped pulses. The spin system for S3 SIMPSON simulations was generated with the help of MagResView [3] from the output of geometry optimization realized on the histidine. In the chosen spin system, spins 1 and 2, respectively corresponding to nuclei 5 and 2
in Fig. S1 , are separated by 3 bonds, and are weakly coupled. Spin 3, corresponding to nucleus 4 in Fig. S1 , is coupled to both spins 1 and 2, but is only strongly coupled to Simulations were carried out using the following parameters:
proton_frequency 400e6 spin_rate 16000 variable t_Gauss 5000 rotor_angle 54.7356
where t_Gauss indicates the duration of the gaussian-shaped pulse in μs and rotor_angle was varied to generate the desired magic angle offset. 
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2.A) Impact of magic angle misset on the estimation of J
The results of numerical simulations for different values of rotor_angle were compared with both Eq.(S1) and Eq.(S2).
In Fig. S2 , the J12 constants obtained by fitting the simulated spin echo curves using Eq.(S1) or Eq.(S2) are plotted as a function of the magic angle offset applied (Δ). Simulations confirmed that magic angle offsets up to ±0.02° do not influence the measurement of 3 JCC couplings as small as 1 Hz. Considering that ±0.02° corresponds to the estimated accuracy in angle determination using doubly 13 C labelled glycine [4] , we concluded that i) the effect of magic angle misset on the estimation of J coupling constants of the order of 1 Hz can be safely neglected, and ii) Eq.(S1) can be safely used to estimate the J coupling constant under the these conditions. These results can be explained considering that, for modest angle misset, the residual dipolar coupling reintroduced for spins separated by three covalent bonds -sitting at an average distance of 3 Å -is so small that it does not have sensible effect on the echo modulation in the experimentally accessible echo evolution times. ) for the 3-spin system described at page S3 (blue circles). Spin 1 is detected. Eq. (S1) (blue solid line) and Eq.(S2) (red dashed line) are also plotted for the same parameters, showing that small J couplings can be correctly estimated using these functions even if stronger couplings are simultaneously active in the spin system.
We also note that:
• Good-quality fitting is only obtained by introducing a scaling factor A that multiplies Eq.(S1) or Eq.(S2). This factor is linked to the CSA of the detected spins. This effect is also observed experimentally. 
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• The scaling factor A varies depending on whether spin 1 or 2 are observed.
Typically, the largest scaling effect is observed when detecting the signal of the spin experiencing the stronger coupling to the third spin. 
3) Average deviation between calculated and experimental J couplings
5) Multiple coupling pathways: assumptions
Among the structural features that could induce deviations from the Karplus curve, the presence of cycles is of particular relevance. In cyclic compounds, J couplings can typically act via two distinct pathways. Because both coupling pathways contribute independently to the total coupling constant, this can have significant effect not only on the J coupling values, but also on their structural interpretation. [5] Importantly, in the case of 3-bond couplings, only J constants corresponding to individual 3-bond pathways can be related to dihedral angles. However, either experimentally or by calculation, only the total value of the coupling is accessible. It follows that only symmetric (n = n') multiple-pathway couplings in which both the pathways imply exactly 3 covalent bonds were considered to be affected from the presence of multiple pathways. Therefore:
i) the only coupling for which the presence of multiple (here dual) pathways has an effect is the 3,3 J47 in B (i.e. L-tyrosine);
ii) ii) the total n,n' JCC couplings resulting from multiple asymmetric pathways in which n = 3 and n' > 3, such as the 3, 6 J25 in A, the 3,4 J37 in D, the 3,4 J25 in F, or the 3,5 J16 in E, were all retained in the analysis and treated as standard, singlepathway 3 JCC interactions.
6) Analysis of J couplings for symmetric, 3-bond coupling pathways
As detailed in the previous section, the only coupling that required to be treated as a multiple-pathway interaction was the sole acting via two 3-bond pathways, namely the S9 aromatic ring. The effect of the presence of multiple pathways on this coupling is confirmed by the large 3 J47 calculated value, reported in Table 1 of the manuscript.
Interestingly, several studies by Marshall, Krivdin and others, have reported the possibility of evaluating algebraically the contributions of the individual pathways to the final coupling. Although a general conclusion could not be drawn, in the case of aromatic cycles it was observed that intra-ring couplings correspond to the algebraic sum of the individual pathways contributions. [6] Because the two pathways are identical in this case, the value of 3 J47 for a single pathway could be evaluated by halving the computed value of 7.7 Hz. Interestingly, the so-obtained value of 3.8 Hz, reported in Fig. 2a of the manuscript, is in very good agreement with Eq. 1.
7) Uncertainty in the determination of torsional angles from the Karplus equation
The uncertainty associated with angle determination, σφ, can be estimated using the following expression:
where σJ indicates the experimental error in the measurement of J, and J'(φ) is the first derivative of Eq. (3) (manuscript). Importantly, Eq. S5 shows that the uncertainty in angle determination depends on the value of φ and hence on the measured J coupling.
Notably, σφ cannot be determined using this equation in proximity of the maxima and minima of the Karplus curve, for which J'(φ) = 0. In addition, this method cannot be applied to the measurement of 3 JCC values smaller than 0.8 Hz. In fact, as previously discussed (see Ref. 35 of the main manuscript), these couplings are very difficult to access experimentally because of the long transverse dephasing times T2' that are S10 required to distinguish the J modulation from incoherent relaxation effect (essentially due to hardware limitations).
